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perpendicular direction, and construct an equation for the omni-
directional distribution function F(x,y,v) ; v2f(x,y,v):

7!uF27!D!7F ¼2
A

3
12

8p1!

3B2

! "1
2 dcAx
dy

›

›v
vF ð3Þ

where f(x,y,v) is the particle phase space density, u is the local plasma
velocity,D is the diffusion rate16 and 1! ¼ 31!k. This equation describes
the balance between the Fermi drive and the energy loss associatedwith
convection and diffusion, including the back pressure from energetic
particles. It is similar to thatdescribingparticle acceleration in shocks17.
We solve this equation in theflow geometry shown in Fig. 4a, where the
half-widths of the region of contracting islands are given byDy andDx

in the inflow and outflow directions, respectively. Within the region of
overlapping islands, convection is the dominant loss mechanism and
the energy spectrum can be calculated analytically (see Supplementary
Information):

FðvÞ ¼ 2j2 1

v2j

ðv

0
dqq2j21Fin; j¼ 1

2

1

Â
þ 1

! "
ð4Þ

where Â ¼ ADx=ð3DyÞ is the normalized Fermi drive, F in is the
upstream value of F and we have ignored the back pressure from the
energetic particles. The distribution function at high energy takes the
form of a power law with an index that depends on the mean aspect
ratio of the individual magnetic islands and the island region through
Â. Numerical solutions to equation (3) for F confirm the power-law
behaviour (Fig. 4b, c). The aspect ratio of the magnetic islands, and
therefore Â and j, remain uncertain. For Â . 0.5 or j , 1.5, the
energy integral of the energetic particles 1! diverges unless the back
pressure of energetic particles is included. Retaining the back pressure,
the energy content of electrons rises until 1! < B2=8p. The back
pressure throttles the Fermi drive and the spectral indexof the energetic
particles can be characterized by the upstream value of the electron
thermal (pe0) to magnetic pressure ratio be0 ¼ 8ppe0/B

2, independent
of Â (Fig. 4c).
The predictions of the model can be compared with several key

observations in the magnetotail. The isotropic spectrum observed
above an energy threshold in the Wind satellite observations4 results
from scattering as particles pass close to X-lines. Particle energies
well in excess of the potential drop across the tail1,2 with dawn–

Figure 1 | Computer simulations of island formation and electron
acceleration during magnetic reconnection. Particle-in-cell simulations
using the p3d code22 are performed in doubly periodic two-dimensional
geometry starting with two Harris current sheets with a peak density of n0

superimposed on an ambient population of uniform density (0.2n0). The
reconnection magnetic field is:

Bx=B0 ¼ tanh½ðy2 Ly=4Þ=w0'2 tanh½ðy2 3Ly=4Þ=w0'2 1

where B0 is the asymptotic magnetic field, w0 ¼ 0.5d i, Lx ¼ 64d i and
Ly ¼ 16d i are the half-width of the initial current sheets and the box size
in the x and y directions. The electron and ion temperatures, respectively
Te/m icA

2 ¼ 1/12 and T i/m icA
2 ¼ 5/12, are initially uniform as is the initial

out-of-plane ‘guide’ field Bz /B0 ¼ 1.0. The ion inertial length is given by
d i ¼ c/qpi with qpi ¼ (4pn0e

2/m i)
1/2 and the Alfvén speed is given by

cA ¼ B0/(4pm in0)
1/2. The electron mass me is taken to be 0.01m i and the

velocity of light c ¼ 20cA. The spatial grid consists of 4,096 £ 1,024 cells
with 100 particles per cell in the ambient background. The electron out-of-
plane current j ez is shown at two times: t ¼ 14.0Q ci

21 in a and t ¼ 20.0Q ci
21 in

b, where Q ci ¼ eB0/m ic is the ion cyclotron frequency. The spontaneous
formation and growth of secondary magnetic islands is evident. The
repeated breakup of X-line current layers is typical of guide-field
reconnection where narrow current layers promote secondary island
formation7. The electron temperature parallel to the local magnetic field,
Tek, is shown at t ¼ 20.0Q ci

21 in c. Seen is intense heating around the rims of
the islands, which results from the acceleration of the electrons by parallel
electric fields near the magnetic separatrices8,9, and heating within the
magnetic islands. The localization of the parallel electric field to the vicinity
of the separatrix reduces its importance as an electron accelerator. The
Fermi mechanism dominates when vk exceeds the electron Alfvén speed
cAex ¼ Bx=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnme

p
; which corresponds to an energy of 10 keV in the Earth’s

magnetotail.

Figure 2 | Test particle orbits and energy gain of Fermi accelerated
electrons. The orbits are computed from the fields of the simulation in
Fig. 1 at a time t ¼ 10.8Q ci

21, just before the formation of secondary islands.
a, The orbit of a particle started at the midplane on the right side of the
upper island x,y ¼ 58.0d i,12.0d i with an initial velocity given by the local
E £ B velocity plus a parallel velocity vk of 10.8cA shown on the background
of E. The particle follows field lines and slowly drifts outward. b, The particle
energy 1 as a function of its x position. The particle gains energy as it reflects
from the ends of the islands, which are moving inwards at the Alfvén speed.
The energy gain therefore results from a classical Fermi reflection. Because
the velocity of energetic electrons greatly exceeds the Alfvén speed, many
reflections are required for electrons to reach high energy. Also evident in a
is the sudden change in the orbit as the island approaches the separatrix—
the gyration radius of the particle abruptly increases as the particle
encounters the sharp kink in the magnetic field line just downstream from
the X-line at x,y ¼ 16d i,12d i. c, The parallel velocity, vk, which increases in
time until t ¼ 20Q ci

21 when the local gyration velocity vL abruptly increases.
The separatrix crossing therefore scatters energy from the parallel into the
perpendicular motion10. The energy gain during the reflection from the
island ends in b can be calculated in a simple model in which By and Bz are
constant and Bx(y) increases away from the centre of the current layer. The
reconnection field Ez and an in-plane electric field Ey ¼ 2EzBz /By are
chosen so that Ek ¼ bzE ¼ 0. For electrons with vk..v’, the change in the
parallel velocity results from the curvature drift in the direction of the
electric field, dvk/dt ¼ cvkEzb £ k/B where k ¼ b zfb. This equation can be
integrated to obtain the increment in the parallel velocity dvk ¼ 22uxBx/B
due to its reflection, where ux ¼ 2cEz/By is the local velocity of the end of
the island and Bx is given by its asymptotic value. The resulting rate of
energy gain is given in equation (1).
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Fig. 1.—Magnetic field line configuration of the reconnection region. An
Alfvénic downward outflow is sandwiched by the two steady slow shocks. A
fast shock with length L forms between the slow shocks. Magnetic disturbances
both upstream and downstream of the fast shock scatter the electrons being
accelerated. The total length of the diffusion region along the field lines is l.

Fig. 2.—Collisional energy loss rate and Fermi acceleration rate for three
different shock angles. The net energy gain rate (thick lines) is the energy gain
rate (dotted and dashed lines) minus the loss rate (thin line).

celeration rate is given by

dE dE dE
5 2 , (1)( ) ( )F Fdt dt dta c

where the first term on the right-hand side is the acceleration
rate and the second term is the collisional energy loss. The net
acceleration rate has to be positive at the thermal energy of
the background plasma.
2. The energy gain has to be high enough to explain the

loop-top hard X-ray source, which is observed at ª50 keV. (If
the loop-top source provides electrons responsible for the foot-
point hard X-rays, the energy has to reach a level greater than
100 keV.) Electrons, therefore, have to be accelerated within
a relatively short time, over which an oblique (quasi-perpen-
dicular) field line crosses the fast-shock structure.
3. Acceleration takes place on the timescale of impulsive

bursts, which is about 1 s or faster.
4. The number of accelerated electrons is consistent with the

number of accelerated electrons deduced from observations
(1034–1035 electrons s21).

2.2. Injection Energy and Energy Gain

In this Letter, we call the energy at which the net energy
gain rate (eq. [1]) equals zero the injection energy. Although
the injection energy is defined with regard both to energy loss
and particle scattering, we assume that there exists sufficient
magnetic field turbulence such as whistler waves to be able to
scatter the electrons with energies exceeding 1 keV (e.g., Mel-
rose 1986 [chap. 13.6], 1994). (These waves can energize elec-
trons [e.g., Miller et al. 1997]. We, however, do not include
these alternative acceleration processes such as resonance ac-
celeration and DC electric acceleration in this analysis.)

The collisional energy loss in equation (1) is estimated to
be

dE n10ª 47 , (2)( )F Fdt œEc

where n10 is the background electron density in units of 1010
cm23, and E is the electron energy in kilo–electron volts (e.g.,
Jackson 1975, chap. 13). In the scheme of shock acceleration,
the acceleration rate is derived from energy gain, DE, and
required time, Dt, per each shock crossing and represented by

dE DE 2 u
5 5 E , (3)( )dt Dt 3 l cos va

where l is the (energy-independent) diffusion length measured
along the field line, u is the upstream speed with respect to the
downstream speed, and v is the angle between the fast-shock
normal and the field line crossing the shock (Fig. 1). Here we
apply , where is an electron velocityDE 5 8uE/3v cos v v
( ), and is the enhancement factor originating2E 5 mv /2 1/ cos v
from the obliqueness of the shock. Assuming an isotropic elec-
tron distribution, we apply . In the standard shockDt 5 l/(v/4)
acceleration theory, , where k1(2) and u1(2) arel 5 k /u 1 k /u1 1 2 2
the diffusion coefficient and flow speed in the upstream (down-
stream), respectively. The time during which a particular field
line crosses the fast shock is . The crossing timeL/2u tan v
decreases with increasing obliqueness. From equation (3), the
energy gain is given by

E L
5 exp (4)( )E 3l sin v0

for particles with energy above the injection energy.
We simply represent the diffusion length as a parameter l.

We adopt v as another parameter expressing obliqueness of the
shock. It is proposed that the efficiency of shock acceleration
is boosted due to the obliqueness (Jokipii 1987; Naito & Tak-
ahara 1995a, 1995b, and references therein). Figure 2 shows
that the injection energy rapidly decreases with increasing

Tsuneta, 1998 ApJ 
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Flare!Standard!Model�438 CHAPTER 10. MAGNETIC RECONNECTION

Figure 10.21: Elaborate version of the standard 2D X-type reconnection model that also in-

cludes the slow and fast shocks in the outflow region, the upward-ejected plasmoid, and the

locations of the soft X-ray bright flare loops (Tsuneta 1997).

celerating particles in a downward direction and producing shock waves and plasmoid

ejection in an upward direction. Hirayama (1974) explains the preflare process as a

rising prominence above a neutral line (between oppositely directed open magnetic

field lines), which carries an electric current parallel to the neutral line and induces a

magnetic collapse on both sides of the current sheet after eruption of the prominence.

The magnetic collapse is accompanied by lateral inflow of plasma into the opposite

sides of the current sheets. The X-type reconnection region is assumed to be the loca-

tion of major magnetic energy dissipation, which heats the local coronal plasma and

accelerates nonthermal particles. These two processes produce thermal conduction

fronts and precipitating particles which both heat the chromospheric footpoints of the

newly reconnected field lines. As a result of this impulsive heating, chromospheric

plasma evaporates (or ablates) and fills the newly reconnected field lines with over-

dense heated plasma, which produces soft X-ray-emitting flare loops with temperatures

of MK and densities of cm . Once the flare loops

cool down by thermal conduction and radiative loss, they also become detectable in

EUV ( MK) and H ( K). Kopp & Pneuman (1976) re-

Flare standard model predict Hot (>20MK)  
Alfvenic plasma flow (~1000km/s) above the flare loop. 
Spectroscopic observation (EIS) is crucial for understanding.�

Tsuneta et al., 1996 
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AIA!Observa6on!of!XKclass!Flare�

193 A (1.5 or 15MK)� 131 A (10MK)� 94 A (8Mk)�

193 A images are very similar to those 131A.  
Thus, the photons in 193 A images should be from FeXXIV during the event. 
We confirmed 193 A image represent FeXXIV during this event from EIS obs. 
Fast Supra-Arcade Downflows and Downflowing Loops were observed.�



SupraKArcade!Downflowing!Loops�

SADLS speed is roughly 350km/s. 
SADLS temperature ~30MK by ratio between 193/131A DN (>10). 
EIS observe the flare with slit scanning. 



EIS!Observa6on�

Large non-thermal broadening  
(>250km/s) were observed just  
above the flare loop. 



EIS!Line!Profiles�

-400 km/s� 400 km/s�0 km/s�



EIS!Flare!Hun6ng!Study!Coverage�

Survey Period ~730 days = 17520 hours 
Total Flare Hunting hours = 2600 hours (15%)�

15%: Flare Hunting Study�

85%: No OBS or Other study�



How!many!flares!are!observed!by!Flare!
hun6ng!study?�

•  33!Major!Flares!(>M!class)!are!Observed!
•  2!X!class!are!observed!

Survey Period: 191 Major Flares were occurred 
                         12  X-Class Flares were occurred 

16.7%: Observed X-Class Flare�17.3%: Observed Major Flare�



Capability!of!Flare!Hun6ng!study�
Survey Period: 191 Major Flares were occurred 
EIS Flare Hunt Study Observed: 33 Major Flare�

Observing Coverage� Flare Hunting Capability�

The capability is good!�

15%: Flare Hunting Study�

85%: No OBS or Other study�

17.3%: Observed Major Flare�

82.7%: Not Observed�



Plasmas!in!universe�

Solar flare �

Earth’s magnetosphere�

Comparative studies  
important�



Typical scale = 10^5 km�
almost same�

Macro-scale0→0SunW1050km0EarthW105 km   same 
Micro-scale    →0SunW10-3km0 EarthW103 km06 order 
Macro/Micro0→   SunW1080     EarthW102 000 6 order0 

Solar corona (flare)� Earth’s magnetosphere (substorm)�

Macro/Micro is largely different!�

Solar Corona and Earth’s Magnetosphere�

Typical scale = 10^5 km�



Example!of!Energe6c!Electron!accelera6on!!
by!MRX!in!Magnetosphere�

1241 km/sec 

Ti: 7.4 keV 
Te: 3.4 keV 

FLUXe: 38358 



Example!of!Energe6c!Electron!accelera6on!!
by!MRX!in!Magnetosphere�

kappa: 2.5 

Energetic particle rate (F>38keV /F<38keV): 3.7E-4 

CS thick: 1568 km 

25 mV/m 
6.2 mV/m 
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energetic electron rate depends on not only amount of
nonthermal electron but also electron temperature. There-
fore, we also use power law index of energetic electron. To
obtain the power law indices, we fitted the LEP energy
spectrum and EPIC integrated flux (>38 keV) by kappa
distribution function as follows:

fe veð Þ ¼ A 1þ mev2e
2!ETe

! "%!%1

; ð1Þ

where ve and me are electron velocity and mass, respec-
tively. Here there are two parameters ETe and ! character-
izing the distribution. ETe is closely related to electron
temperature, and ! characterizes power law distribution. The
way to fit an energy spectrum by kappa distribution is as
follows: (1) fit the LEP energy spectrum by kappa distri-
bution with ! = 11; (2) change ! in the 1 to 11 range to meet
EPIC integrated flux (>38 keV) with fixed ETe and A;
(3) change ETe and A to fit the observed energy spectrum by
LEP with fixed !; and (4) do 2 and 3 iteratively. We fit the

energy spectrum by kappa distribution only in the case that
EPIC integrated flux is larger than 103 (cm−2 s−1 str−1) to
reduce the statistical uncertainty. Note that power law index
is represented by ! + 1 in our definition. Thus smaller !
means harder spectrum and vice versa. Figure 1 shows the
example of kappa distribution fitting. The vertical and
horizontal axes show phase space density and electron
energy, respectively. The solid and dashed lines are kappa
and Maxwellian distribution function fitting results,
respectively. Electrons often do not obey kappa distribution
function inside the diffusion region. For example, in the
vicinity of the X line it is frequently observed that the
electron flat‐top distribution (Figure 1c) which shows a
constant phase space density in the low‐energy part (< a few
keV) yet a steep decrease in the high‐energy part [e.g.,
Asano et al., 2008]. Further our fitting method may not
represent suprathermal component appropriately in the case
that the electrons are extremely hot (∼5 keV, Figure 1b). We
cannot distinguish whether nonthermal component are there
or not far above 38 keV, because we used only EPIC inte-
grated flux (>38 keV). The fitting by kappa distribution
function is often failed inside the diffusion region (Figures 1b
and 1c), and those distributions are represented by ! = 11 in
our definition. We used both of energetic electron rate and
kappa value to discuss energetic electron acceleration in and
around reconnection region.

2.2. Strong Acceleration Case: 10 December 1996
[9] Figure 2 shows the magnetic reconnection event

observed by Geotail on 10 December 1996. From the top to
bottom, three component of magnetic field (BL,M,N), plasma
density, three components of bulk velocity (VL,M,N), tem-
perature (Ti,e), ratio between ion and electron temperature
(Ti/Te), and energetic electron (>38 keV) flux are plotted for
the period from 1700 to 1900. Ion and electron data are
plotted by red and blue lines, respectively. The spacecraft
was located in the midnight magnetotail of −26 (RE) during
the time interval and crossed the current sheet several times.
After 1745 Geotail observed the flow reversal of high‐speed
(>1000 km s−1) proton bulk flow from tailward to earthward
with a changing N component of the magnetic field from
negative to positive, which is the indication of passing an
X‐type neutral line. The vertical dotted lines show the
transition from tailward to earthward plasma flow without
leaving the reconnection region. Hot (> a few keV) and
tenuous (∼0.05/cc) plasma were observed associated with
the flow reversal. The ratio between electron and ion tem-
perature shows <2 during the period, although the ratio is
usually ∼5 in the plasma sheet [e.g., Baumjohann et al.,
1989]. This result may indicate that strong electron heat-
ing took place in this region. The energetic electron flux is
enhanced up to 104.5 (cm−2 s−1 str−1) associated with the
flow reversal. The energetic electronflux was slightly
decreasing in the center of the flow reversal (roughly ten
times). It seems that there are a gradient of energetic elec-
tron from the center to outer edge of reconnection region
which is consistent with Imada et al. [2005, 2007].
[10] At 1804 Geotail encountered the sharp tangential

discontinuity. This region seemed to be so‐called magnetic
flux pileup region or dipolarization front. In this region
plasmas are slow (<100 km s−1), dense (∼0.5/cc), and rel-
atively cold (Te ∼ 1 keV) compared with the flow reversal

Figure 1. Examples of electron energy distribution in
and around the reconnection region: (a) kappa distribution,
(b) Maxwellian distribution, and (c) flat‐top distribution.
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electrons fluxes are integrated over pitch angle by assuming
an isotropic velocity distribution function.
[7] We identify the near-Earth neutral line (!30 RE <

XGSM < !15 RE) and the distant magnetotail neutral line
(XGSM < !50 RE) by the following conditions: 1) the
presence of fast bulk flow (jVxj > 500 km/sec), and 2) the
negative/positive magnetic field Bz during the tail/earth
ward flow. Similarly, we identify the passage of the
plasmoid over the Geotail satellite in the region of XGSM <
!70 RE by the condition of both the fast tail ward flow (Vx <
!500 km/sec) and the bipolar signature of the magnetic field
Bz. To avoid the contamination of the magnetopause
boundary layer and the magnetosheath, we eliminate the
data in which ion density is greater than 0.15 cm!3 for
the cases of near-Earth and distant magnetotail neutral
line. We also exclude the event with a small size
magnetic island to avoid the contamination of the wrong
side of tailward or earthward. We analyze the Geotail
data from September 1993 to June 1997, and after the
data selection along the above conditions, a total of 22,
13 and 86 individual events are available in the near-
Earth neutral line, the distant magnetotail neutral line and
the plasmoid, respectively.
[8] It is useful to transform the magnetic field data of (Bx,

Bz) into the relative position of (X, Z) from the X-type
neutral line. We assume the following relationship between
the magnetic field and the spatial coordinate,

B ¼ Blobe a tanh Xð Þez þ tanh Zð Þexð Þ; ð1Þ

where B and Blobe are the local magnetic field observed by
Geotail and the lobe magnetic field, respectively. We
evaluate the lobe magnetic field from the pressure balance
by equating the lobe magnetic pressure to the sum of the

local gas and magnetic pressures measured by the satellite
[e.g., Rich et al., 1972; Matsumoto et al., 2001]. In this
magnetic field model, the distance is described by non-
dimensional unit and is normalized by a characteristic
current sheet thickness. a represents the reconnection rate,
which is believed to be &0.2 for a steady state reconnection
model. The magnitude of the reconnecting magnetic field,
however, is known to become the almost same magnitude to
the lobe magnetic field for a strong reconnection case. In
this paper we use a = 0.5, but the following result is not
sensitive to the magnetic field structure controlled by the
choice of a. Another assumption is the symmetry of the
energetic particle distribution against the neutral sheet, and
we superpose the negative Z region onto the positive Z one.
For the coordinate transformation for the plasmoid event,
we use the relationship of

B ¼ Blobe !aX ez þ tanh Zð Þexð Þ; ð2Þ

where we also assumed a = 0.5.
[9] Shown in Figures 1a and 1b are the profile of the

energetic electron flux (>38 keV) and electron temperature
around the magnetic diffusion region in the near-Earth
magnetotail. The vertical and horizontal axes are respec-
tively jZj and X. The left- and right-hand are the earthward
side and the tailward side, respectively. The color contour
shows the logarithmic scale of the average of energetic
electron flux and the electron temperature, and the white
lines represent the model magnetic field lines as reference.
The X-type magnetic diffusion region is located at (X, Z) =
(0, 0).
[10] Note that we smooth the physical quantities in order

to reduced statistical fluctuations. Our method of smoothing
is as follows: we calculate the average of each data

Figure 1. Average profiles of the energetic electrons (>38 keV) and the electron temperature (eV) (a–b) near-Earth, (c–d)
plasmoid, and (e–f) distant tail in and around the X- and O-type neutral line in X-Z plane are shown.

L09101 IMADA ET AL.: ELECTRONS NEAR THE MAGNETIC DIFFUSION REGION L09101

2 of 4

Asano et al.  2008 JGR. 
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other!plasma!parameters!�

Imada et al.  2011 JGR. 

The all of vertical axes show the energetic electron rate in
logarithmic scale, and the horizontal axes show the each
parameter in logarithmic scale. The squares/diamonds show
the result of 1 min/12 s average results, respectively. The
fitted results with squares/diamonds are presented by solid/
dashed lines, respectively. The correlation coefficients are
also shown.
[17] We have classified the relationship between recon-

nection characteristics and electron acceleration efficiency
into 3 types: (1) good correlation (absolute value of corre-
lation coefficient ∣r∣ > 0.6); (2) ambiguous correlation (0.6 >
∣r∣ > 0.3); and (3) no correlation (∣r∣ ∼ 0). We found that ion
heating, electron heating, current sheet thickness, recon-
nection electric field, and electric field normal to the neutral
sheet can be categorized into good correlation. Ion/electron
temperature ratio, total amount of reduced magnetic
energy, and reconnection rate are classified in ambiguous
correlation. We cannot find any correlation with absolute
value of outflow velocity, current density parallel to
magnetic field (Hall current system), satellite location in
the Earth’s magnetosphere.
[18] To ensure the result in Figure 6, we carried out the

same correlation analysis between the reconnection condi-
tion and the kappa value in Figure 7. Figure 7 (top left)
shows the correlation between the kappa value and the
energetic electron rate. The correlation efficiency is almost
1, thus it seems that both of them are well reproduce of the

energetic electron characteristics. The other eight panels
show the correlation between the kappa value and the
reconnection condition which are categorized good or
ambiguous correlation in Figure 6, and the result is almost
the same as Figure 5. Therefore, our claim is confirmed in
ten of the reconnection events.

4. Discussion and Summary

[19] We have studied favorable conditions for energetic
electron acceleration during magnetic reconnection in the
Earth’s magnetosphere using the Geotail data. We have
found both of the strong and weak energetic electron
acceleration in the reconnection events. To discuss what
reconnection characteristics determine the energetic electron
acceleration efficiency, we have studied the reconnection
conditions for ten events in which the Geotail satellite
observed the vicinity of diffusion region. We found that ion
heating, electron heating, current sheet thickness, recon-
nection electric field, and electric field normal to neutral
sheet can be categorized into good correlation (∣r∣ > 0.6).
Ion/electron temperature ratio, total amount of reconnected
magnetic energy, and reconnection rate are classified in
ambiguous correlation (0.6 > ∣r∣ > 0.3). We could not find
any correlation between energetic electron acceleration
efficiency and absolute value of outflow velocity, current

Figure 7. Correlation between kappa and reconnection characteristics.
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Fig. 3.—Spatial distribution of HXR spectral index (black) in comparison with those of HXR flux in the 25–100 keV range (gray, upper panels) and electric
field (gray, lower panels) in the five 1 minute time intervals, shown as functions of the ribbon distance. Depicted as the black line in Fig. 2, the index of the
ribbon distance runs from 0 in the northern end to 99 in the southern end. The existence of break points in the profiles of spectral index indicates bad fittings at
those locations.

Fig. 4.—Scatter plot of spectral index (g) and HXR flux ( , upper panel),log F
and spectral index and electric field ( , lower panel), measured at eachlog E
indexed location along the ribbon for all the time intervals. Data points and
best fits in linear-log space (solid lines) by minimizing the x2 error statistic
for different time intervals are represented with different colors.

We repeat the fitting procedure and obtain nearly identical spec-
tral features.

3. RESULTS

Comparison of Figure 1 and Figure 2 reveals several char-
acteristics. First, there are three major footpoint-like HXR emit-
ting sources with hard spectra near the HXR peak at∼16:42:04

UT, when the spectral index reaches a minimum value of∼2.2.
The averaged value of spectral index over the fittable pixels in
the field of view is ∼3.3 at this time, which agrees with that
derived using the OSPEX package for integrated X-ray emission.
Earlier and later in the event, the overall spectrum of the flare
region as well as those of the main HXR sources are seen to be
much softer, with higher index values. This temporal evolution
of the SHS pattern is thus what typically has been observed
before (Battaglia & Benz 2006). Second, the main HXR sources
show a spatial distribution of spectral index from the center with
smaller value (harder spectrum) to the outer regions with larger
value (steeper spectrum), which is most prominent near the HXR
peak (see panel 16:41:34–16:42:34 UT). When the HXR sources
evolve to a ribbon morphology later in the event (e.g., panel 16:
43:34–16:44:34 UT), there are still kernels with harder spectra
discernible, although the whole system has a much steeper spec-
trum compared with the flare peak.
As our major interest lies in how the physical quantities vary

spatially, we make the comparison between the HXR spectral
index and flux along the ribbon axis. Specifically, we measure
the variation of spectral index along the eastern flare ribbon,
where there is a clear footpoint-to-ribbon evolution of HXR
morphology (cf. Fig. 1; also see Liu et al. 2007a). We trace out
the spectral index and the flux in the 25–100 keV range using
the same indexes of ribbon distance as defined by (specified in
Fig. 2 as black line at each time interval) Jing et al. (2007) and
present the results in the upper panels of Figure 3. It is obvious
in each time interval that the HXR spectral index exhibits a
strong spatial anticorrelation with the HXR flux ( ), withlog F
absolute values of the correlation coefficient!0.8. In the lower
panels of Figure 3, we compare the spatial evolution of the HXR
spectral index with that of the electric field ( ) in the RCS,log E
which was previously derived by tracing the Ha ribbon motion
and incorporating the longitudinal magnetic field measurement
(Jing et al. 2007). It can be seen that there also exists a prominent
anticorrelation relationship between these two quantities, with
absolute values of the correlation coefficient!0.65.
Figure 4 shows the results in Figure 3 as scatter plots. The

relationships between the spectral index and flux and the spec-
tral index and the electric field are shown in the upper and
lower panels, respectively. First, we can see without ambiguity
that at a specific time, the source position with a weaker HXR
emission (lower HXR flux) corresponds to steeper X-ray spec-
tra and presumably to softer electron precipitation spectra. We
therefore suggest that this anticorrelation between the HXR
spectral index and flux is a spatial analog of the well-known
temporal SHS pattern of HXR emission. Second, the anticor-

X-ray spectrum observed by RHESSI 
[Lin et al., ApJ, 2003] 

No. 2, 2003 PARTICLE ACCELERATION AND ENERGY RELEASE L71

Fig. 2.—Top left: RHESSI 12–30 keV image (contour levels 15%, 30%, 45%, 60%, 75%, and 90%) during the rise phase (0021:42 UT) superposed on the
TRACE 195 Å image. Top right: RHESSI X-ray spectrum for 0021:42 UT, with fit to isothermal (dotted line) and double–power-law (dashed line) spectra and
the sum (solid line). Bottom left: RHESSI image (black contours: 12–18 keV, levels 15%, 30%, 45%, 60%, 75%, and 90%; white contours: 30–80 keV, levels
30%, 60%, 70%, and 90%) at 0028:15 UT during the impulsive phase, superposed on an Ha image from Big Bear Solar Observatory. Bottom right: RHESSI X-
ray spectrum for 0028:15 UT, with fits as in the top right panel.

energy released in nonthermal electrons of ∼ ergs.312# 10
Since only a small fraction of the HXR emission is observed
from footpoints along the TRACE ribbons, most of the energetic
electron energy appears to be deposited into the coronal source.
The GOES soft X-ray time profile during the rise phase is

similar to the time integral of the RHESSI HXR (12–25 keV)
flux (i.e., the “Neupert” effect; Neupert 1968)—consistent with
the energetic electrons colliding with the dense solar chro-
mosphere in the footpoints, heating and evaporating the gas to
form the high-temperature plasma. The GOES measurements
at 0026 UT fit to a temperature of ∼19 MK and an emission
measure of cm . Assuming that the GOES source49 !31.6# 10
is cospatial with the RHESSI HXR source (soft X-ray imaging

is not available), whose volume is cm3, cor-27V p∼ 4# 10
responding to ∼(22 arcsec)3, we obtain a thermal plasma density
of ∼ cm and an energy content in the soft X-ray10 !36# 10
plasma of only ∼1030 ergs, much less than the integral of the
nonthermal electron energy over time. Even assuming that the
GOES thermal source volume is 10 times larger only increases
the thermal energy to ∼ ergs.303# 10
For an ambient density of ∼ cm , the density of10 !36# 10

nonthermal electrons is ∼ cm (Holman et al. 2003),7 !36# 10
and the e-folding energy-loss time for 20–100 keV electrons
is ∼0.05–0.5 s (Lin 1974), implying that the primary flare
energy release during the rise phase is going into accelerating
electrons to continuously replenish the coronal source.

Harder electron spectrum when stronger 
reconnection electric field in solar flares 

[Liu et al., ApJ, 2008] 

Magnetic reconnection and particle 
acceleration in Flare 
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Fig. 3.—Spatial distribution of HXR spectral index (black) in comparison with those of HXR flux in the 25–100 keV range (gray, upper panels) and electric
field (gray, lower panels) in the five 1 minute time intervals, shown as functions of the ribbon distance. Depicted as the black line in Fig. 2, the index of the
ribbon distance runs from 0 in the northern end to 99 in the southern end. The existence of break points in the profiles of spectral index indicates bad fittings at
those locations.

Fig. 4.—Scatter plot of spectral index (g) and HXR flux ( , upper panel),log F
and spectral index and electric field ( , lower panel), measured at eachlog E
indexed location along the ribbon for all the time intervals. Data points and
best fits in linear-log space (solid lines) by minimizing the x2 error statistic
for different time intervals are represented with different colors.

We repeat the fitting procedure and obtain nearly identical spec-
tral features.

3. RESULTS

Comparison of Figure 1 and Figure 2 reveals several char-
acteristics. First, there are three major footpoint-like HXR emit-
ting sources with hard spectra near the HXR peak at∼16:42:04

UT, when the spectral index reaches a minimum value of∼2.2.
The averaged value of spectral index over the fittable pixels in
the field of view is ∼3.3 at this time, which agrees with that
derived using the OSPEX package for integrated X-ray emission.
Earlier and later in the event, the overall spectrum of the flare
region as well as those of the main HXR sources are seen to be
much softer, with higher index values. This temporal evolution
of the SHS pattern is thus what typically has been observed
before (Battaglia & Benz 2006). Second, the main HXR sources
show a spatial distribution of spectral index from the center with
smaller value (harder spectrum) to the outer regions with larger
value (steeper spectrum), which is most prominent near the HXR
peak (see panel 16:41:34–16:42:34 UT). When the HXR sources
evolve to a ribbon morphology later in the event (e.g., panel 16:
43:34–16:44:34 UT), there are still kernels with harder spectra
discernible, although the whole system has a much steeper spec-
trum compared with the flare peak.
As our major interest lies in how the physical quantities vary

spatially, we make the comparison between the HXR spectral
index and flux along the ribbon axis. Specifically, we measure
the variation of spectral index along the eastern flare ribbon,
where there is a clear footpoint-to-ribbon evolution of HXR
morphology (cf. Fig. 1; also see Liu et al. 2007a). We trace out
the spectral index and the flux in the 25–100 keV range using
the same indexes of ribbon distance as defined by (specified in
Fig. 2 as black line at each time interval) Jing et al. (2007) and
present the results in the upper panels of Figure 3. It is obvious
in each time interval that the HXR spectral index exhibits a
strong spatial anticorrelation with the HXR flux ( ), withlog F
absolute values of the correlation coefficient!0.8. In the lower
panels of Figure 3, we compare the spatial evolution of the HXR
spectral index with that of the electric field ( ) in the RCS,log E
which was previously derived by tracing the Ha ribbon motion
and incorporating the longitudinal magnetic field measurement
(Jing et al. 2007). It can be seen that there also exists a prominent
anticorrelation relationship between these two quantities, with
absolute values of the correlation coefficient!0.65.
Figure 4 shows the results in Figure 3 as scatter plots. The

relationships between the spectral index and flux and the spec-
tral index and the electric field are shown in the upper and
lower panels, respectively. First, we can see without ambiguity
that at a specific time, the source position with a weaker HXR
emission (lower HXR flux) corresponds to steeper X-ray spec-
tra and presumably to softer electron precipitation spectra. We
therefore suggest that this anticorrelation between the HXR
spectral index and flux is a spatial analog of the well-known
temporal SHS pattern of HXR emission. Second, the anticor-
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Energetic electron acceleration are well related to 
reconnection electric field in both of Earth’s 
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The all of vertical axes show the energetic electron rate in
logarithmic scale, and the horizontal axes show the each
parameter in logarithmic scale. The squares/diamonds show
the result of 1 min/12 s average results, respectively. The
fitted results with squares/diamonds are presented by solid/
dashed lines, respectively. The correlation coefficients are
also shown.
[17] We have classified the relationship between recon-

nection characteristics and electron acceleration efficiency
into 3 types: (1) good correlation (absolute value of corre-
lation coefficient ∣r∣ > 0.6); (2) ambiguous correlation (0.6 >
∣r∣ > 0.3); and (3) no correlation (∣r∣ ∼ 0). We found that ion
heating, electron heating, current sheet thickness, recon-
nection electric field, and electric field normal to the neutral
sheet can be categorized into good correlation. Ion/electron
temperature ratio, total amount of reduced magnetic
energy, and reconnection rate are classified in ambiguous
correlation. We cannot find any correlation with absolute
value of outflow velocity, current density parallel to
magnetic field (Hall current system), satellite location in
the Earth’s magnetosphere.
[18] To ensure the result in Figure 6, we carried out the

same correlation analysis between the reconnection condi-
tion and the kappa value in Figure 7. Figure 7 (top left)
shows the correlation between the kappa value and the
energetic electron rate. The correlation efficiency is almost
1, thus it seems that both of them are well reproduce of the

energetic electron characteristics. The other eight panels
show the correlation between the kappa value and the
reconnection condition which are categorized good or
ambiguous correlation in Figure 6, and the result is almost
the same as Figure 5. Therefore, our claim is confirmed in
ten of the reconnection events.

4. Discussion and Summary

[19] We have studied favorable conditions for energetic
electron acceleration during magnetic reconnection in the
Earth’s magnetosphere using the Geotail data. We have
found both of the strong and weak energetic electron
acceleration in the reconnection events. To discuss what
reconnection characteristics determine the energetic electron
acceleration efficiency, we have studied the reconnection
conditions for ten events in which the Geotail satellite
observed the vicinity of diffusion region. We found that ion
heating, electron heating, current sheet thickness, recon-
nection electric field, and electric field normal to neutral
sheet can be categorized into good correlation (∣r∣ > 0.6).
Ion/electron temperature ratio, total amount of reconnected
magnetic energy, and reconnection rate are classified in
ambiguous correlation (0.6 > ∣r∣ > 0.3). We could not find
any correlation between energetic electron acceleration
efficiency and absolute value of outflow velocity, current

Figure 7. Correlation between kappa and reconnection characteristics.
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found both of the strong and weak energetic electron
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inflow region

magnetic field lines

diffusion region
(shaded)

Earth

trajectory

・Fast Alfvenic flow 
・Weak magnetic field 
・strong ion/electron heating 
・Hall magnetic field 

Hirai et al.  in prep. 



Observation of energetic ions in Earth’s 
magnetotail 

Energy spectrum of protons 
observed by Geotail 

spacecraft (LEP+EPIC) in the 
Earth’s magnetotail 
I: Before the onset 
→ II: After  

Figure 3: MOM.

4

I: γ ~5.9 

II: γ ~ 4.9 

F ∝ E−γ (1)

8

Reconnection outflow events: 1. Te>2.5keV and 2. V>1000km/s 
Ion accelerated events: significant increase of energetic proton flux 
above the background level  
(Maximum potential drop in magnetosphere ~ a few hundred keV) 
→ Statistical study based on 16 ion accelerated reconnection events 
observed by Geotail in 1993-1999. 



Ion acceleration and reconnection electric 
field in Earth’s magnetotail 

Efficient ion acceleration when larger reconnection electric field. 
(Hard spectrum index and large energy density of energetic ions) 

reconnection electric field 

spectral 
index 

energy density of 
accelerated ions (>100keV) 



Ion accelerated events in Solar corona: 
Estimation of maximum energy�

line γ-ray�

200sec → 400MeV�

Solar 
neutrons 

Estimated the maximum energy and 
spectral index of accelerated ions 
from time-of-flight method and 
Mote-Carlo simulation. 

Date� max. energy 
[GeV]�

Spectral 
index�

2000/11/
24� 0.7� 5.2�

2001/08/
25� 0.6� 4.0�

2003/10/
28� 1.4� 4.8�

Watanabe et al., ASR, 2009 



Ion acceleration and reconnection electric field 
in Solar corona 

!  Large electric field and potential in the 2003/10/28 event which 
has large maximum energy as well as large accelerated ion flux. 
!  Accelerated ions have obtained only ~1% of the potential energy. 

0�

Observed 
max. 

energy 
[GeV]  

spectral
index  

total 
proton 
counts  

neutron 
total 

energy 
[erg/sr]  

Estimated 
electric 

field 
[V/cm]  

Estimated 
max. 

energy 
[GeV]  

2000.11.24 0.7 5.2 7.0×1031 1.8×1025 10 50 
2001.8.25 0.6 4.0 3.3×1031 9.0×1024 14-15  60-70  

2003.10.28 1.4 4.8 6.0×1032 1.6×1026 20-70  200-420  



Comparative study: Ion acceleration and 
reconnection rate 

reconnection rate 

sp
ec

tra
l i

nd
ex
 

◇ Solar corona 
◇ Earth’s magnetotail 

Physical 
quantity 

Solar 
corona 

Earth’s 
magnetotail 

E [V/cm] 10 10-5 

B [G] 102 10-4 

VA [cm/s] 108 108 

E/B 3×10-4 3×10-4 

R 0.1 0.1 

Particle acceleration rate is heavily 
depend on Reconnection rate. 

Maximum energy / Potential drop is 
quite different between Sun and Earth. 
Corona ~ 1%, Magnetosphere > 100%  
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GEOTAIL: Dawn-Dusk Asymmetry 
40keV ele 40keV ion 

10keV ele 3keV ele 

Electric field�



DawnKDusk!asymmetry�

Figure 3: Correlation between power law index of nonthermal ions γ and reconnection characteristics.

4

getic electron acceleration efficiency. Let us discuss what is
the major difference between the 10 December 1996 and
13 March 1997 events. The column Flux, Rate, and ! in
Table 2 represents energetic electron acceleration efficiency.
All of three show that the electrons are clearly much
accelerated in event D than event I. We can find ion and
electron are efficiently heated in event D than event I from
Table 1. Further, we can clearly see the large difference
between event D and I in both of electric fields (EM and EN),
current sheet thickness (d), and reconnection rate (R) in
Table 2. Therefore, at least within these two events, it seems
that the electrons are efficiently accelerated and strongly
heated in a thin current sheet during fast reconnection event.
By using ten of reconnection event, we will discuss the
generality of the point in section 3.
[16] We have statistically studied favorable conditions for

energetic electron acceleration during magnetic reconnec-
tion. We surveyed the reconnection events in which the

Geotail satellite observed the vicinity of diffusion region.
The surveying period is from January 1994 through July
1997, during which the LEP electron data was carefully
calibrated. We have used only the data for which 3‐D dis-
tribution functions are available, because our analysis is
relatively sensitive to the electron moments. We identify
the events by the following conditions: (1) XGSM < −15 RE,
(2) the presence of fast bulk flow (∣Vx∣ > 500 km s−1), and
(3) the presence of hot electron (>2 keV). After the data
selection, we have found 10 individual events totally [e.g.,
Nagai et al., 2001]. The way to determine the reconnection
characteristics is the same as section 2. The summary of our
analysis in ten of the reconnection events are shown in
Tables 1 and 2. To clarify the relationship between the
energetic electron acceleration efficiency and the recon-
nection characteristics, we carried out correlation analysis
among them. Figure 6 shows the relationship between the
energetic electron rate and the reconnection characteristics.

Figure 6. Correlation between energetic electron rate and reconnection characteristics. Energetic elec-
tron rate was defined as the ratio between the integrated electron flux >38 and ≤38 (keV).
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